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ABSTRACT 
The interrelationship of fracture toughness, microstructure, and 
fracture surface morphology was investigated in a quenched and tem- 
pered AISI 52100 bearing steel.  Heat treatments were performed to 
produce three austenitic grain sizes, ASTM 1, 6, and 9, in both 
banded and homogenized microstructures.  Compact tension specimens 
were used to determine K„  values in accordance with the ASTM E-399 lc 
standards.  Banded and homogenized microstructures in each heat 
treated condition had essentially the same toughness.  A slight rise 
in fracture toughness occurred with increasing austenitizing temper- 
ature with an average K  of 16.33 MPa/m measured for the fine-grained 
specimens austenitized at 1550°F (843°C) and 19.18 MPa/m for the 
coarse-grained specimens austenitized at 2l00°F (1149°C).  The frac- 
ture mode changed from predominantly transgranular in the fine-grained 
samples quenched from 1550°F to intergranular in the coarse-grained 
specimens quenched from higher temperatures.  Carbide segregation and 
networks were determined to have no critical effect on fracture 
toughness, although failure preferentially occurred along areas with 
large carbide concentrations.  Microcracking density, S , measured as 
crack area/ unit volume of martensite and retained austenite increased 
with increasing austenitizing temperature.  Scanning electron micros- 
copy performed on the fracture surfaces of failed fracture toughness 
specimens showed that the effects of microcracking and retained aus- 
tenite were limited to localized areas. Although in some areas there 
1 
was evidence that retained austenite and microcracks produced ductile 
and brittle components of fracture respectively, apparently other 
factors were more important in causing the brittle trans and inter- 
granular fractures observed. 
INTRODUCTION 
Many investigations have been performed to document the properties 
and characteristics of AISI 52100 bearing steels.  Static tensile and 
12 1 yield strengths, '  compressive yield strength,  and charpy v notch 
3 
impact  values have been published.  The room temperature tensile and 
yield strengths for 52100 alloys austenitized at approximately 1550°F 
2 (843°C) for one hour, range from the 302 ksi (2082 MN/m ) and 280 ksi 
2 2 (1931 MN/m ) respectivly as reported by Homer Research Laboratories  in 
samples tempered at 600°F (316°C) for one hour, to the 340 ksi 
2 2 (2344 MN/m ) and 240 ksi (1655 MN/m ) respectively reported by Sachs 
I 
et al  in samples double tempered at 320°F (160°C) for 30 minutes and 
340°F (171°C) for 60 minutes.  Sachs et al found the compressive yield 
2 
strength  to  be 400 ksi   (2760 MN/m  )   for  samples with  this  same heat 
treatment. 
Fatigue strengths and endurance limits have been investigated by 
t  •  u !>4-7     .    .  4,6,8-10        .      4 rotating beam,     rotating ring,        and torsion-type  specimens. 
The alloys used in these investigations have been melted in a variety 
of ways including air melts and multiple vacuum-arc remelts.  Many 
types of conventional and experimental heat treatments have been 
applied to the samples.  For a commercial type of heat treatment, 1550 
°F for one hour, oil quench, followed by tempering at 400°F (204°C) for 
one hour, Frankel et al reported the rotating beam, room temperature 
5 2 l fatigue strength at 10 cycles to be 145 ksi (1000 MN/m ).  Sachs et al 
reported approximately the same value for samples given a similar heat 
3 
treatment. 
Endurance limits of rotating ring specimens subjected to hertzian 
loading are scattered.  A typical result for vacuum-arc remelted steel 
10 9 
as reported by Enekes,   and supported by Uhrus,  sets the L.„ life of 
hardened bearings near 6*10 revolutions. 
The method by which fatigue cracks nucleate and cause failure has 
11 been documented by Stuchlik and Osina.   These researchers concluded 
that during cyclic loading, dislocations and vacancies collect at hard 
particles in the layer immediately below the surface, but not at softer 
particles such as sulphides.  The final result of the defect build-up 
is the formation of a microcrack which grows in the direction of the 
maximum shear stress.  The site of the imperfection is usually asso- 
ciated with a carbide,   an oxide-type inclusion, ' '   or the micro- 
crack formed at the intersection of a martensite plate with a prior 
austenite grain boundary. 
3 
Syniuta and Corrow  investigated the fracture behavior of a 52100 
steel and concluded that despite the fact that the fracture appears 
brittle macroscopically, the general mode of failure is by microvoid 
growth and coalescence, a ductile fracture mechanism. 
It has been established that marked changes often occur in the 
subsurface regions of 52100 steel bearings as a result of rolling con- 
tact fatigue.  These changes include alterations of the martensitic 
structure, denoted as 'white areas', and the development of micro- 
17 
structural features called 'butterflies'. Martin and Borgese  have 
shown that the 'white areas' have a structure of highly deformed 
4 
ferrite, arranged in 0.1 |im diameter cells, separated by dislocation 
walls. In these regions, all temper carbides, and some proeutectoid 
carbides have dissolved, and the absorbed carbon has reprecipitated to 
form lenticular carbides, which thicken and grow during cyclic 
18 ,  , 
stressing.  Tricot et al  state that unlike white areas ,  butter- 
flies' develop from material discontinuities induced by nonmetallic 
inclusions.  They have shown that these areas also have a cell struc- 
ture free from temper carbides, and suggest that the dissolved carbon 
reprecipitates on spherodized carbides present at the boundary of the 
transformed region. As the 'butterfly' develops, microcracks are 
nucleated and grow towards the surface to initiate spalling. 
9 
Uhrus  established that fatigue life decreases as the oxygen 
content of a bearing steel increases, due to an increasing number of 
oxide inclusions.  Lyne and Kasak proved that sulphurizing of a 52100 
steel lowers the effective oxide-type inclusion content, and thus will 
13 improve the fatigue life.  Stickles  concluded that the life of 52100 
bearings is improved if excess carbides, undissolved during austen- 
ization, are small and uniformly distributed.  The detrimental effect 
14 that carbide banding has on fatigue life was shown by Komissarov. 
Prior austenitic grain size has a multitude of effects.  The 
amount of retained austenite has been shown to increase with increasing 
13 7 
prior austenitic grain size.   Frankel et al concluded that fatigue 
strength was lowered by increasing amounts of retained austenite, up to 
a limit of about 10%.  Beyond this limit there is no further loss of 
fatigue strength.  Other research  has shown that the amount of micro- 
cracking persent in a 52100 steel increases as the prior austenitic 
grain size increases. 
Lai et al,   in their work with 4340 steel, employed a range of 
austenitizing temperatures, and thus a range of prior austenitic grain 
sizes, in an effort to improve fracture toughness.  Their conclusion 
was that toughness was improved through the use of a higher austen- 
itizing temperature. 
This investigation had as its primary purpose the determination of 
the relationship between fracture toughness, microstructure, and 
fracture surface morphology in a martensitic, high carbon, bearing 
steel. A commercially important steel, AISI 52100, was selected for 
study.  Fracture toughness of 52100 steels has not been reported in the 
literature, although it is assumed to be low. 
EXPERIMENTAL PROCEDURE 
The composition of the AISI 52100 bearing steel studied in this 
investigation is given in Table I.  The as-received alloy had a micro- 
structure typical of a hot rolled, air cooled, high carbon steel, 
consisting of medium to fine pearlite.  This structure, shown in 
Figure 1, after austenitizing and quenching, revealed the presence of 
banding, and was used as the basis for the banded steel phase of the 
investigation. 
A homogenized structure was investigated in the second phase of 
research.  To this end, the following heat treatment was applied. 
Samples encapsulated in evacuated quartz tubing were austenitized at 
2200°F (1204°C) for 45 hours, then isothermally transformed at 1200°F 
(649°C) for two hours.  The pearlitic structure produced was then 
refined by austenization at 1800°F (982°C) for one hour and isothermal 
transformation at 1200°F for two hours.  The resultant microstrueture 
of fine pearlite, shown in Figure 2, was used as the basis for the 
homogenized steel phase of this research. 
All mean furnace temperatures were monitored with a Pt / Pt-1370 Rh 
thermocouple, shielded by a silica quartz tube, positioned at the 
center of the furnace hot zone.  Samples sealed in stainless steel bags 
were subjected to the following austenization heat treatments to 
produce various grain sizes and microstructures: 
2100°F (1149°C) / 20 minutes / oil quench   ASTM 1 
1900°F (1038°C) / 30 minutes / oil quench   ASTM 6 
7 
1550°F (843°C) / 60 minutes / oil quench   ASTM 9 
The 1550°F heat treatment was not sufficient to dissolve the 
carbide network that had formed during cooling and/or isothermal trans- 
formation at the prior austenitic grain boundaries during the heat 
treatments prior to the final 1550°F heating.  In an effort to prevent 
the formation of this network, a special heat treatment was used on the 
homogenized specimens to be austenitized at 1550°F.  This sequence 
consisted of austenization at 1700°F (927°C) for one hour, followed by 
lead quenching to 1175°F (635°C), and holding for two hours.  All 
fracture toughness specimens were tempered at 400°F (204°C) for one 
hour, prior to being precracked. 
Compact tension specimens, 0.25 inch (6.35 mm) in width, and 
having a B/W ratio of 0.25, were used for fracture toughness testing. 
These specimens contained chevron notch crack starters, integral knife 
edges, and had a S - L orientation to the rolled plate.  Cracks were 
propagated in the rolling direction. 
Precracking was done with a 2 kip (9 kN) MTS unit, operating at 
50 cps in a sinewave loading mode.  Through the use of a higher stress 
intensity range for crack initiation than needed for crack propagation, 
crack growth time was minimized.  The load range for initiation was 
between 700 and 100 lbs.  Immediately after a crack was detected, the 
load range was decreased to a range between 550 and 100 lbs, and the 
crack was allowed to grow approximately 0.1 inch (2.5 mm).  Sucessive 
decreases in the upper load limit of 50 to 100 lbs were made every 0.1 
inch, more or less, depending on the relative rate of crack growth. 
8 
The final fatigue load limits for cracks with an a/W ratio near 0.5 
were 200 and 25 lbs. 
Fracture toughness testing was conducted on a 10,000 lb (45 kN) 
Instron. A double-cantilever, clip-in displacement gage was used to 
indicate the relative crack opening displacement.  The load-displace- 
ment records were recorded on the Instron system.  A typical record 
is shown in Figure 3. 
Crack lengths were measured with a travelling microscope.  The 
intergranular mode of failure in some specimens necessitated a less 
exact method of measurement because there was no discernable change in 
appearance on the fracture surface to indicate where the fatigue crack 
ended and the failure began.  In these instances, crack lengths on each 
surface of the specimen were measured prior to fracture, 0.02 mm added 
to the average value, and the crack length was estimated.  The 0.2 mm 
addition represents an average value of crack bowing, estimated from 
actual fatigue crack behavior, on 52100 fracture toughness specimens. 
After crack length determinations, the fracture surfaces were protected 
for later examination by coating with acrylic lacquer. All fracture 
toughness testing was conducted and evaluated by the ASTM E-399 
23 
standards. 
A total of 54 specimens were prepared for the toughness testing-, 
of which 21 yielded a valid result.  The other specimens either broke 
during precracking, or the test result did not meet all the required 
conditions specified in the ASTM standards. 
Evaluation of the mean prior austenitic grain size and micro- 
9 
cracking density of the specimens involved a special polishing and 
22 
etching technique.   Samples were hand ground through No. 600 grit 
wet paper, followed by sucessive polishing with 6 and 1 |im diamond 
paste, and 0.06 and 0.03 |im alumina powder.  Etching for 10 seconds in 
17o nital to remove flowed metal and ultrasonic cleaning to remove for- 
eign particles was performed after each diamond polish.  Polished 
samples were immersed in a boiling solution consisting of 25 g NaOH 
and 2 g picric acid, dissolved in 100 ml £L0, for approximately 2-3 
minutes.  This solution conditions the microcracks and boundaries so 
that an etch with 1% nital for approximately 10 - 15 seconds will 
reveal them in contrast to the matrix.  Tempering destroys the ability 
of this process to reveal the prior austenitic grain boundaries but 
does not affect the ability to detect microcracks. 
20 Quantitative metallography defines  interface area per unit 
2  3 —       — 
volume, mm /mm , as S  = 2N 5 where N  is the average number of inter- 
V      Ju Li 
sections with a planar feature per unit length of traverse.  The appli- 
cation in this case is S  as microcrack area / unit volume martensite, 
v 
and N as the average number of intersections with microcracks per unit 
J_i 
length of traverse.  Each reported value represents the average of 
twenty random traverses, each 2.54 mm in length. 
Mean grain sizes were determined by lineal analysis, but in the 
majority of cases, the actual fracture toughness specimens were not 
evaluated.  Samples of 52100 steel that had been heat treated with the 
toughness specimens, but had not been tempered, were used to determine 
the probable mean grain diameters of the specimens heat treated along 
10 
with them.  As a check on this procedure, grain size determinations 
were performed on actual samples by measurement of grains delineated 
by cracks adjacent to the major fracture surface.  The results were 
similar.  The mean grain size data represents the average of ten 
random traverses, 2.54 mm long, on dummy specimens.  All S  and grain 
size data was obtained on a Balphot II metallograph, operated at 500X 
for grain size determinations, and 1000X for microcrack counts. 
Quantitative evaluation of the amount of retained austenite 
contained in the fractured K„  specimens was accomplished with an lc 
21 
x-ray diffraction technique.    In this method, the average inte- 
grated  intensity of the (220) and (311) austenite peaks, I  , is 
compared to the integrated intensity of the (211) martensite peak, 
I  , and the volume fraction of austenite is calculated from the 
m 
equation 
1.35 I 
V = a  
a   1.35 I + I 
a   m 
22 
where 1.35   is the theoretical ratio of I  to I  for an equal amount 
ma 
of the two phases.  X-ray diffraction traces were made on a Siemens 
x-ray diffractometer with a molybdenum target and a rotating and 
oscillating sample holder designed to minimize preferred orientation 
effects. 
Scanning electron microscopy was used to characterize the 
fatigue crack and fracture areas of the tested specimens.  Particles 
revealed on the fracture surfaces were analyzed for qualitative 
chemical composition with an energy dispersive system composed of a 
Princeton Gamma-tech detector and a Tracor-Northern analyzer.  The 
11 
scanning electron microscope was an ETEC Autoscan, model U-l, 
operating at 20 kv. 
12 
RESULTS AND DISCUSSION 
I. Banded Steel 
A. Microstructural Characterization 
Upon subjecting the as-received 52100 alloy to the austenization 
heat treatments previously described, the bearing steel exhibited the 
etching characteristic that is peculiar to a banded steel, i.e. al- 
ternate light and dark etching bands.  The most probable cause of the 
banding is dendritic segregation of the elements during ingot solid- 
ification.  The banding was present in every sample tested in this 
phase of the research, and is typified by the structure shown in 
Figure 4(a).  Figure 5 shows the prior austenitic grain sizes produced 
by the heat treatment of compact tension specimens made from the 
52100 alloy.  All the samples exhibited a duplex grain size due to 
the effects of undissolved carbides in inhibiting grain growth during 
austenization.  The difference between the diameters of the grains is 
slight in the ASTM 6 and 9 grain sizes, and lineal analysis showed 
the true grain size of the samples to be very close to the gener- 
alized ASTM number.  The samples austenitized at 2100°F contain both 
an ASTM 1 and 5 grain size in the unhanded and banded regions respec- 
tively.  This duplex structure was denoted as an ASTM 1 grain size 
due to the greater area containing the ASTM 1 grains.  The 1550°F 
commercial heat treatment produced the fine grain size that appears 
in the interior of the carbide network in Figure 5(c).  The carbide 
network is a characteristic1^ of bearing steels, and is formed from 
proeutectiod carbides that precipitate at austenitic grain boundaries. 
13 
Three sets of light micrographs, characteristic of the micro- 
structures of all samples with the same approximate grain size, are 
presented in Figures 6-8.  One microstructure in each set was etched 
to reveal the microcracking in the martensite plates, the other was 
etched to reveal the martensite plates, carbides, and retained aus- 
tenite.  It is probable that all microstructures consist of tempered 
plate martensite, with triangular patches of retained austenite 
separating the plates.  As the average grain diameter decreases, the 
martensitic structure becomes progressively finer.  The structure of 
the ASTM 9 samples is so fine, that at 1000X (Figure 8) it is un- 
resolved.  Brobst  used transmission electron microscopy to prove 
that in 52100 specimens with an ASTM 11.5 grain size, the structure 
consisted of plate martensite and retained austenite.  All samples 
were found to contain sulphide inclusions, and alloy carbides that 
had remained undissolved during austenization. 
Retained austenite was found to vary little in the two coarsest 
grain sizes, with the mean value being near 20%.  The fine grained 
specimens contained approximately 7% retained austenite.  The increase 
in retained austenite with increasing grain size is partially due 
to an increase in the amount of dissolved carbon contained in the 
austenite.  Similar results of austenite retained in a martensitic 
13 24 
matrix have been documented by other investigators.  '   A compar- 
ison of the retained austenite results of this investigation with 
those of other researchers is presented in a later section. 
14 
Microcracking density was determined to be consistent in 
samples with the same average grain diameter.  S  was a maximum in 
the ASTM 1 grain size samples, and decreased with decreasing grain 
size.  These results are in agreement with the values reported by 
U        U    -  15 Brobst. 
Table II contains the results of the microcracking density and 
the retained austenite determinations for the valid fracture tough- 
ness test specimens used in this phase of the investigation. 
B.  Fracture Toughness Testing 
The results of the valid K-  determinations are summarized in lc 
Figure 9 and the data used for evaluation of the tests is listed in 
Table III.  The plane strain fracture toughness, K.. , is a material 
property, characterized by the distribution of K  values deter- 
mined on specimens cut from the material. While there is scatter 
in the results from the banded samples, the dispersion is well 
within the scatter bands reported by other researchers  '  work- 
ing with high strength steels.  The data indicates that toughness 
improved as the grain size was increased from ASTM 9 to ASTM 6, and 
then rose only slightly as the grain size was further increased to 
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ASTM 1. Webster  has shown that austenite, retained in a micro- 
structure of plate martensite, improves toughness through its crack 
-I £ 
arresting ability.  Lai et al  reached a similar conclusion in 
their work with 4340 steel.  If this conclusion applies in this 
investigation, then the increase in retained austenite documented 
for this alloy, could be one of the reasons for the toughness 
15 
improvement.  A full discussion of these findings, however, must 
wait until the fractographic observations are presented, and a 
comparison between the conditions is made. 
C.  Fractography 
Both the fatigue crack and fracture areas of the tested 
fracture toughness specimens were examined.  Samples heat treated 
to ASTM 9 exhibited transcrystalline failure with isolated in- 
stances of intercrystalline failure in the final fatigue crack area, 
as shown in Figure 10.  The fractures are of a brittle nature, the 
transcrystalline areas are divided into small facets, the inter- 
crystalline areas have both smooth and rough faces.  The smooth 
faces are the prior austenitic grain boundaries, and as will be shown 
later in Figure 22, the rough faces are a carbide network with an 
estimated average grain size of ASTM 5-6.  In the region of un- 
stable crack growth, the failure modes are the same, but a greater 
amount of intercrystalline failure at the carbide network occurred. 
The specimens with an average grain size of ASTM 1 also 
fatigue cracked by a mixture of trans and intercrystalline brittle 
fracture.  However, more intercrystalline failure occured in these 
specimens than in the ASTM 9 grain size, and more of the failures 
had smooth faces.  The mode of unstable crack propagation was 
almost entirely intercrystalline brittle failure with smooth faces, 
with a few isolated instances of transcrystalline brittle fracture. 
These fracture morphologies are shown in Figure 11. 
The 1900°F heat treatment produced grains with an average ASTM 6 
16 
designation.  There was no perceptible difference between the 
fatigue crack and overload fracture zones.  Both areas consisted 
of brittle intergranular and transgranular fracture in approximately 
equal proportions, as shown in Figure 12.  These samples exhibited 
a different crack morphology than the other conditions in the final 
fatigue crack zone, in that there was less transgranular failure. 
The behavior in the fracture zone is similar to that found in the 
ASTM 1 specimens, but as shown in Figure 13, a smaller amount of 
brittle intergranular failure is present.  This suggests that either 
the grain boundaries are more resistant to crack propagation, or 
that the interior of the grains are weaker than the boundaries. 
The explanation for the fracture behavior is discussed in detail in 
Section III. 
II. Homogenized Steel 
A. Microstructural Characterization 
Homogenized specimens were austenitized with the same heat treat- 
ments previously described.  The average austenitic grain sizes pro- 
duced were the same as shown in Figure 14.  The grains deviated less 
from the mean grain diameters in these samples than they did in the 
banded ones.  This behavior is attributed to the uniform carbide 
distribution caused by the homogenization treatment.  The fact that 
the homogenization technique did indeed eliminate the etching effects 
produced by banding is shown in Figure 4(b). 
The carbide network that had been evident in the as received 
alloy was also apparent in this condition, as shown in Figure 14(c). 
17 
13 Stickles   has found that the only way to completely avoid a carbide 
network in 52100 steels is to austenitize until all carbides are in 
solution, and then quench to below 425°C for transformation.  This 
temperature limit restricts the transformation products to bainite 
or martensite.  Brobst   found that isothermal formation of bainite 
takes over 90 hours.  Quenching to form martensite could have caused 
microcracks which might not heal during the subsequent heat treatment. 
It was elected to form pearlite with a semi-continuous network of 
grain boundary carbides, rather than sacrifice time or the reliability 
of the S  determinations.  The prior heat treatment designed to 
v 
minimize the carbide network involved austenization at 927°C for one 
hour to dissolve most of the carbide network caused by previous 
transformations, and lead quenching to 635°C for transformation.  Lead 
was used as the quenching medium to insure that the cooling rate of 
the samples would be fast, and thus the time spent by the samples in 
the temperature range where the proeutectoid carbide network forms, 
would be limited.  The grain size that resulted from this pretreatment 
and subsequent austenization is shown in Figure 14(c). 
The micros truetures produced by heat treatment in the homog- 
enized alloy are presented in Figures 15-17.  As was the case in the 
banded samples, the 1550°F treatment produced a microstructure of very 
fine carbides and a martensite that is unresolved at 1000X.  The 
appearance of the microcracked martensite in the homogenized specimens 
was the same as that shown previously for the banded alloy in Figures 
6(b), 7(b), and 8(b). 
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Table IV contains the results of the retained austenite and S 
v 
determinations for the valid fracture toughness test specimens used 
in this phase of the investigation.  Retained austenite in the homog- 
enized samples showed a greater variation between specimens with the 
same heat treatment, than was the case in the banded alloy.  The 
amount of austenite retained in the matrix showed a more gradual rise 
between grain sizes than it had in the banded samples.  With the 
exception of the 1550°F samples which show an increase, the amount of 
retained austenite in these specimens is less than the quanity that 
was contained in the banded samples.  The increase in retained aus- 
tenite recorded for the ASTM 9 grain sized samples is attributed to 
a finer distribution of carbide particles caused by homogenization. 
13 Stickles   found that in 52100 steel, the specimens with finer 
carbides tend to have more retained austenite.  The difference in the 
relative size of alloy carbides contained in the samples heat treated 
to ASTM 9, may be seen for the banded condition in Figure 8(a), and 
for the homogenized alloy in Figure 17. 
The results of the microcracking density determinations show 
that S  is a maximum in the ASTM 1 grain size samples, and decreases 
with decreasing grain size.  These results are slightly higher than 
the values recorded for the banded samples, suggesting that an 
increased amount of carbon was contained in the austenite of the 
43 homogenized specimens.  Mendiratta et al  showed that an increase in 
the amount of carbon contained in martensite will effect an increase 
in S  due to a change in the morphology of the martensite and a higher 
19 
tetragonal distortion of the lattice. 
B. Fracture Toughness Testing 
The results of the valid fracture toughness determinations are 
summarized in Figure 18, and the data used to evaluate the tests is 
listed in Table V.  The results show that toughness rises as the prior 
austenitic grain size is increased.  While the values are compli- 
mentary to those from the banded steel, some differences are apparent. 
Data generated from these samples showed less scatter than was found 
in the previous tests.  This is most likely an effect of a homogeneous 
microstructure.  The rise in fracture toughness with increasing grain 
size is not as abrupt in these tests.  If the interrelation of 
retained austenite and toughness previously stated is applicable, then 
{ 
one of the reasons for the shallower slope of the curve is the smaller 
diffrences in retained austenite between grain sizes. 
C. Fractography 
The fatigue crack and overload fracture areas of each grain size 
were examined.  Only the ASTM 9 samples showed a change in crack 
morphology between the two areas.  In this grain size, the fatigue 
crack grew by a mixture of modes.  Intercrystalline failures with both 
smooth and rough faces were apparent, as was transcrystalline failure 
characterized by small facets and microvoids.  The unstable crack 
grew by the same modes, however, there were many more microvoids open 
to the surface.  These fracture surfaces are shown in Figure 19. 
The two larger grain sizes, ASTM 6 and 1, exhibited no change in 
fracture modes between the fatigue crack and fracture areas.  In both 
20 
regions the crack extended by a combination of intergranular failure 
with smooth faces, and transgranular failure with a faceted surface. 
Both of these modes are brittle, and as is shown in Figure 20, more 
transgranular failure occured in the ASTM 6 grain size. 
III. Final Comparison and Summary of Results 
A. Microstructure 
The homogenization technique produced a more uniform micro- 
structure in the 52100 alloy.  It served to disperse the carbides and 
thus promote a more consistent grain size. As a result of the even 
distribution of the alloying elements, carbide dissolution occured 
uniformly during austenization. 
The amount of austenite retained in a martensitic matrix is known 
13 
to depend on the initial micros trueture,   the morphology of the 
41 13 
martensite,  and the heat treatment schedule,  as well as the 
24 
specific chemistry of the alloy.    Table VI lists the results of 
7 13 
several other investigations '  of retained austenite in 52100 steels, 
together with results from this investigation.  The values from this 
research are generally lower than those found by the other investi- 
gators.  This is probably due to the fact that the retained austenite 
measurements reported in this investigation were made on failed 
fracture toughness specimens, and thus a certain amount of retained 
7 42 
austenite may have been transformed by cyclic stress.  Lindgren 
stated that variation in technique, theoretical intensity ratios, 
correction factors, and the effects of grain size and preferred ori- 
entation, can induce error or scatter into retained austenite 
21 
determinations.  Considering the many factors that can alter retained 
austenite values, the agreement between investigations is reasonable. 
The effects of carbide banding are shown in Figure 21.  As was 
shown by the duplex grain sizes of the banded samples, and as various 
other investigators  '   have found, alloy carbides that are not 
dissolved during austenization inhibit grain growth.  In the region 
of alloy segregation, austenization at 2100°F (1149°C) for 20 minutes 
was insufficient to dissolve all the carbides.  In the example shown, 
the fracture path apparently followed a zone with a high density of 
undissolved carbides. 
The effect of the film of coarse proeutectoid carbides formed 
during cooling from above the A  temperature, is shown in Figure 22. 
The 'grain' that has been pulled out was not that formed by the 
1550°F (843°C) austenitizing treatment, but rather the grain 
delineated by the carbide network. 
Homogenization produced a different inclusion morphology. A 
comparison of the two macrographs shown in Figure 4 suggests that 
after homogenization, the inclusions are no longer aligned in the 
rolling direction. Apparently the long austenization at 2200°F 
(1204°C) prompted the change.  MnS particles that had been elongated 
in the initial condition were found to have spherodized, as shown in 
Figure 23 (b). 
Qualitative chemical analysis with an energy dispersive analyzer 
was performed on particles that had been exposed by fracture.  The 
results indicate that the majority of the particles are alloy carbides 
22 
containing a mixture of Fe, Ni, Cr, and Mn. The inclusion particles 
were found to be manganese sulphides. Figure 23 contains the micro- 
graphs of a carbide and a sulphide, Table VII contains their respec- 
tive qualitative analyses. 
B. Fracture Toughness Testing 
The macroscopic appearance of the failed fracture toughness 
specimens is shown in Figure 24.  Homogenization did not significantly 
alter the toughness of this 52100 alloy. While there were some dif- 
ferences in the shape of the curves of K  vs prior austenitic grain 
size for the banded and nonbanded alloy, there was an insignificant 
variation in values recorded to treat the groups as separate entities. 
The data plot shown in Figure 25 contains all the values generated in 
the fracture toughness testing of this alloy. 
It is obvious, at least superficially, that the well accepted 
dictum of a transgranular fracture absorbing more energy than an 
intergranular one, was not obeyed in this investigation.  The frac- 
tographic observations, in conjunction with the fracture toughness 
data, shows that concurrently with an increasing fracture toughness, 
the fracture mode became increasingly intergranular.  The results are 
not attributed to experimental error. 
33 Ritchie et al  have proposed that higher austenitizing temper- 
atures minimize the segregation of impurity elements at the austenite 
grain boundaries.  They suggest that this prevents the boundaries from 
becoming embrittled, and that the fracture mode will change from a low 
energy absorbing one to a higher energy absorbing one, as a result of 
23 
a high temperature austenization followed by rapid quenching. While 
the fracture mode in this investigation did not appear to change in 
33 
accordance with the suggestions set forth by Ritchie et al,   the 
samples did absorb more energy during fracture when they were aus- 
tenitized at higher temperatures. 
34 
Karel et al  state that intercrystalline brittle fractures with 
smooth faces are formed at effective surface energy levels of the 
4      2 
order of 10 erg/cm , and that transcrystalline brittle fractures form 
at 10 erg/cm .  The microstructure of the ASTM 9 specimens is so fine 
as to preclude an exact determination of how much of each fracture 
mode is present, and which phase, austenite or martensite, is involved 
in each mode.  It is possible that the large amount of carbide present 
in the microstructure has sufficiently reduced the carbon content in 
localized regions so that both plate and lath martensite have formed. 
There is evidence of ductility shown by the ASTM 9 specimens as 
evidenced by the formation and deformation of the microvoids shown in 
Figure 26.  It is postulated that this is not typical microvoid coa- 
lescence, but rather an as yet undocumented characteristic of high 
carbon martensites, with retained austenite having a role.  If this 
is true, the fracture process exhibited by the ASTM 9 samples may 
not actually be a high energy absorbing mode, but one that forms at 
an effective surface energy level close to those for the brittle 
failures. 
31 
Low  showed that the martensitic phase transformation causes a 
weakening at the prior austenitic grain boundaries, and as a result, 
24 
32 
propagating cracks tend to follow the boundaries.  Turkalo  and 
37 15 Shurakov  have reached this same conclusion.  Brobst  showed that 
microcracks occur in grain boundaries as a result of the impingement 
of a martensite plate, and that finer grain sizes have a larger 
proportion of grain boundary microcracks.  He observed an S  of 
approximately 11.7 mm   in a 52100 alloy with an ASTM 1 grain size, 
and stated that there were almost no intergranular microcracks 
present.  For the same alloy with a grain size of ASTM 9, Brobst 
found an S  of approximately 2.75 mm  , with about 307o of the cracks 
12 located at grain boundaries.  Vincent et al   showed that grain 
boundary cracks are a principle element <in the initiation of fatigue 
cracks and failures.  Any one of these findings may be the reason 
that the fractures in the larger grained samples, and to a lesser 
extent the fine grained specimens, preferentially followed an inter- 
granular path. 
12 
Another conclusion stated by Vincent et al  was that the prior 
austenitic grain boundaries can alter the path of a crack propagating 
through the matrix, and that the alteration in direction is related 
to the relative crystallographic misorientation of the boundary to the 
stress field.  They further concluded that a material's resistance to 
cracking can be established from the mean energy of the austenite 
grain boundaries.  By using an equation based on diffusion theories, 
Vincent et al found the mean interfacial energy of 52100 steel aus- 
2 
tenite grain boundaries at 950°C, to be 970 erg/cm .  They show that 
the energy drops as temperature decreases. 
25 
Karel et al  and Pietikainen  have assumed that after the 
formation of martensite, the interphase energy of the austenite grains 
is increased, so that a lesser amount of energy will be needed to 
cause an intercrystalline failure. With this theory and that of 
12 Vincent et al  as a basis, the following explanation of the atypical 
behavior of the fracture toughness - fracture morphology found in this 
investigation is postulated.  The rise in grain size is accompanied 
by an increase in the interfacial energies of the austenite grains. 
While the fracture that occurs in the ASTM 9 grain sized specimens is 
a transgranular/intergranular mixture that absorbs more energy than 
a purely intergranular fracture would at this grain size, it does not 
absorb more energy than the intergranular fracture that occurs in the 
ASTM 1 grain size.  This is due to the fact that the grain boundaries 
in the ASTM 1 samples are at a lower energy level than the marten- 
sitic matrix in the ASTM 9 specimens, and thus absorb more energy 
prior to failure. Another possible conclusion is that the energy 
level necessary to cause failure of the boundaries in the large grain 
sizes is higher than that needed to fail the matrix in the fine grain 
size. 
The effects of retained austenite in a martensitic matrix are 
known to include a crack stopping ability, as found by Lai et al 
21 39 
and Miller.   It was stated by Krauss and Marder  that the first 
plates of martensite to form from the parent austenite grains tend to 
span the grains and partition the austenite.  Sucessive plates grow 
until they impinge on either another plate, or the grain boundary. 
26 
Thus a certain amount of austenite must be retained, untrans formed, 
along the grain boundaries.  It is known that tempering destroys the 
19 delineating ability of the special technique  used to reveal austen- 
ite grain boundaries.  Fractures can still propagate along tempered 
12 
austenite boundaries, and as Vincent et al  suggested, this is 
because the boundaries are weaker than the grains.  This is most 
likely due to the fact that the grain boundaries are not traversed by 
martensite plates. Assuming that tempering destroys the boundaries 
as separate entities delineating the volume of material contained 
within, it is postulated that two adjacent areas containing untrans- 
formed austenite, being separated by a grain boundary, could become 
one area locked into the martensitic structure, under the influence 
of tempering.  Consequently, a crack propagating along the ghost 
boundary would have to pass through a field of retained austenite, 
just as it would if it were growing through the grain.  The fracture 
surface should show some localized ductility if the process has 
occured, some areas of the ASTM 1 grain sized specimens showed iso- 
lated ductility, but for the most part, the fracture faces were 
smooth.  The crack may propagate around the retained austenite regions 
21 
as suggested by Miller,   but again there should be some trace of this 
on the fracture surfaces.  It is possible that some or all of the 
grain boundaries are embrittled, and only localized regions undergo 
ductile fracture due to the retained austenite. 
Any of the hypotheses presented may be applicable to this inves- 
tigation.  It is evident however, that the fracture process exhibited 
27 
by this high strength martensitic structure is an extremely complex 
process, and does not seem to be documented elsewhere. 
C. Fractography 
A mechanism by which intercrystalline brittle fractures with 
34 
smooth faces develop, has been suggested.   At low strain rates, 
local stress concentrations are gradually built-up.  These localized 
concentrations interact with weak spots or microcracks in a way that 
leads to the formation of the smooth face morphology, as shown in 
Figue 20(b).  Once the local stress level causing intercrystalline 
failure with smooth faces reaches the energy level sufficient to cause 
transcrystalline brittle fracture in the martensite matrix, the 
local fracture mode changes to transcrystalline, as shown in Figure 
21(b). 
The role of microcracks in the fracture processes of the 52100 
steel is an important part of the characterization, but it is 
exceedingly difficult to document.  Several researchers stated that 
microcracks act as stress raisers, as has been noted previously.  It 
is not known exactly what their effect is in the total fracture 
process, although in localized regions they have been found to grow 
and help initiate failures.  In the large grained samples where 
brittle intergranular failure has occurred, many microcracks can be 
seen lying open to the surface,  a failure like this is shown in 
Figure 21(b).  There is no way to discover after failure if the 
cracks served to open the boundary, weaken it, or actually had no 
effect at all.  In the regions of transgranular fracture, little 
28 
microcracking is discernable.  Possibly, the small amount of inter- 
granular failure with smooth faces noted in the ASTM 9 homogenized 
samples resulted from the effects of grain boundary microcracking. 
It is also possible that microcracking in the interior of a grain, or 
near the boundary of a grain, would cause a crack propagating along 
the boundary to preferentially become transgranular.  A region where 
this has occured is shown in Figure 27. 
The role that the martensite plates have in transgranular brittle 
and ductile fractures has not been conclusively proven.  Figure 26 
shows a fractograph of an ASTM 9 specimen.  Some of the failure is by 
microvoid coalescence, and inclusion particles or carbides are present 
at the bottom of the holes.  Some of the voids however, have no 
particles associated with them.  Perhaps the particles are on the 
mating surface, but it is possible that there were no particles at 
34 39 
all.  Several researchers  '  have stated that they believed that 
acicular martensitic needles could be responsible for the initiation 
of microvoids.  It is believed that proof of these statements is shown 
in this fractograph, and that martensitic needles do indeed cause 
microvoids.  Some of the microvoids have a polygonal cell-type 
appearance.  These are not microvoids caused by growth and coalescence, 
rather it is believed that they are cleavage facets, an as yet undoc- 
umented characteristic of high carbon martensites.  The cells are of 
-4 
the order of 4*10  mm in diameter, and vary as to depth and degree 
of opening.  The sides of the cells are flat, most likely due to 
34 
clevage of the martensite.  It was shown by Karel et al   that the 
29 
regions of transgranular brittle fracture in high strength steel are 
divided into small facets corresponding to the dimensions of a single 
martensite plate, and that the general appearance of these surfaces 
depends on the relative orientation of each plate to the cleavage 
plane.  There may be a similar relationship in the finer grain sizes, 
but the micros trueture of the ASTM 9 specimens is so fine, that 
transmission electron microscopy is the only way to resolve the struc- 
ture.  Figure 27(a) shows a transgranular fracture that occurred in 
a homogenized ASTM 1 specimen. As was stated previously, a crack 
caused by the impingement of one primary plate on another, caused the 
fracture to preferentially become transgranular.  It is probable that 
the smooth structures in the fractograph are the primary martensite 
plates formed in the grain, and that the surrounding material must 
be smaller secondary plates and retained austenite.  Figure 27(b) 
shows the same fracture region, and both primary plates and polygonal 
cells are apparent.  These cells are in regions of fine martensite, 
and are the same approximate size as the cells found in the ASTM 9 
homogenized samples.  The presence of the cleavage facets in regions 
where the structure is fine seems to indicate that both a fine mar- 
tensite and retained austenite have a part in the formation of the 
cell morphology. 
30 
CONCLUSIONS 
The fracture toughness of the 52100 steel increased slightly 
with increasing austenitizing temperature despite the coarse 
austenitic grain size and increased microcracking that developed 
as a result of the high temperature austenization. 
The fracture of specimens austenitized at high temperatures was 
intergranular.  The fracture mode changed to transgranular in 
specimens heat treated at lower temperatures. 
In a steel with a low fracture toughness, elimination of carbide 
networks and banding does not substantially alter or improve the 
fracture toughness. 
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TABLE   I 
Chemical Analyses   of  52100 Alloy 
(weight   percent) 
E lement 
C 
Mn 
P 
S 
Si 
Cr 
Ni 
Mo 
Cu 
V 
Nb 
Sn 
Al 
Ti 
Cb 
General Mill Analysis 
0.96 
0.41 
0.011 
0.012 
0.21 
1.30 
Meta llurgica1 Analys is 
0.98 
0.40 
0.011 
0.008 
0.20 
1.25 
0.09 
0.02 
0.054 
0.010 
0.09 
0.003 
0.043 
0.004 
0.005 
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Figure   1  -   Initial as-received  microstructure   of  52100 
alloy consisting  of  medium to  fine   pearlite, 
2% nital etch.     533X 
33 
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Figure 2 - Microstructure of fine pear lite after homogen- 
ization of 52100 steel, 2% nital etch.  533X. 
34 
2000• • 
1500- 
< 
3 looo- 
500- 
0.05 0.10 0.15 
DISPLACEMENT (mm) 
0.20 0.25 
Figure  3   -  Load-Displacement  record   from a  52100  compact 
tension specimen with  0.95   slope   line. 
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Figure 4 - Comparison of banded and homogenized macro- 
structure for the 2100°F heat treatment. 
(a) As-received alloy showing inclusions 
aligned in the rolling direction.  4QX. 
(b) Homogenized alloy showing spherodized 
inclusions.  4OK. 
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Figure 5 - Prior austenitic grain sizes of banded samples. 
(a) ASTM 1 duplex, 2100°F/ 20 minutes, oil quench 
(b) ASTM 6, 1900°F/ 30 minutes, oil quench 
(c) ASTM 6, 1550°F/ 60 minutes, oil quench; note 
proeutectiod grain boundary carbide network. 
533X. 
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Figure 6 - Microstructure of 52 LOO banded steel specimen 
austenitized at 2100°F for 20 minutes. 
(a) Etched in 1% nital to reveal martens ite 
plates and retained austenite.  800X 
(b) Etched to reveal microcracking.  533X 
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Figure 7 - Microstructure of 52100 banded steel specimen 
austenitized at 1900°F for 30 minutes. 
(a) Etched in 1% nita1 to reveal martensite 
plates and retained austenite.  1000X. 
(b) Etched to reveal microcracking.  533X. 
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Figure 8 - Microstructure of 52 100 banded steel specimen 
austenitized at 1550°F for 60 minutes. 
(a) Etched in VL  nital to reveal structure.  1000X. 
(b) Etched to reveal microcracking.  533X. 
40 
TABLE   II 
Microstructura1  Data  Summary 
of  Banded  Steel Samples 
Sample Est imated Ac tual Percent Microcracking 
Number Grain Size Gra in Size Retained Density 
mm ASTM No. ASTM No. Austenite 
15 9 9 7.8 1.38 
26 9 9 6.0 1.69 
27 9 9 7.6 1.99 
28 9 9 6.0 2.07 
41 9 9 7.1 1.84 
20 6 5.75 19.9 4.32 
21 6 5.75 19.4 7.23 
22 6 6 22.7 6.43 
23 6 6 21.6 5.90 
7 1 1,5 22.0 12.15 
16 1 0,3 20.0 12.40 
19 1 1,4.5 21.2 12.12 
35 1 1,5 14.7 11.91 
41 
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Figure   9   -  Banded  steel  fracture   toughness   data  vs  estimated 
ASTM grain  size . 
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(a) 
(b) 
Figure 10 - Fatigue crack and fracture zone morphology 
for banded ASTM 9 grain sized samples. 
(a) Transition from fatigue zone to fracture zone 
occurs at I,  with the fracture zone on the 
right.  Both zones consist of brittle trans and 
intercrystalline failure, with more inter- 
crystalline failure in the fracture area.  120X 
(b) Fatigue crack zone, note intercrystalline 
failure with smooth and rough faces.  1200X. 
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Figure   11   -  Fatigue   crack and  fracture   zone  morphology 
for banded ASTM  1  grain sized  samples 
(a) Fatigue  crack zone,   note brittle   trans 
and   intercrystalline   failure.      104X . 
(b) Fracture  zone  consisting of brittle 
intercrystalline  failure with   isolated 
brittle   transcrystalline  failure.     104X 
45 
Figure   12   -  Characteristic  fatigue  crack and  fracture 
zone  morphology  for banded ASTM 6  grain sized 
samples.     Note  the  brittle   trans  and   inter- 
granular  failure.     104X. 
46 
Figure 13 - Fracture morphology of ASTM 1 and 6 banded samples. 
(a) Fracture zone of ASTM 1 grain size sample 
consisting of brittle intergranular failure. 
Note microcracks open to the surface.  800X. 
(b) Fracture zone in an ASTM 6 grain sized sample 
consisting of transcrystalline brittle fracture 
and intercrystalline brittle failure with 
smooth faces.  400X . 
47 
(c) 
Figure 14 Prior austenitic grain sizes of homogenized samples 
(a) ASTM 1 - 2100°F / 20 minutes, oil quench. 
(b) ASTM 6 - 1900°F / 30 minutes, oil quench. 
(c) ASTM 9 - 1550°F / 60 minutes, oil quench.  533X 
48 
Figure 15 - Typical microstructure for homogenized samples 
austenitized at 2100°F for 20 minutes, note the 
plate martensite and retained austenite, 1% 
nital etch.  1000X. 
49 
Figure 16 - Typical microstructure for homogenized samples 
heat treated at 1900°F for 30 minutes, consisting 
of plate martensite and retained austenite, 1% 
nital etch.  1000X. 
50 
Figure 17 - Typical microstrueture of the homogenized samples 
austenitized at 1550°F for 60 minutes, consisting 
of spherodized carbides and unresolved martensite, 
1% nital etch.  1000X. 
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TABLE  IV 
Microstructura1 Data  Summary  of 
Homogenized  Steel  Samples 
Sample Estimated Actual Percent Microcracking 
Number Grain Size       Grain Size Retained Density 
ASTM No. ASTM No. Austenite mm 
49 9 9 8.9 1.31 
50 9 9 11.5 1.77 
51 9 9 8.6 1.63 
52 9 9 6.6 1.85 
46 6 6 17.9 7.04 
47 6 6 16.3 7.50 
42 1 1 14.8 13.77 
43 1 1 19.4 13.42 
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Figure 18 - Homogenized steel fracture toughness data 
vs prior austenitic grain size. 
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Figure 19 - Fatigue crack and fracture zone morphology 
for homogenized ASTM 9 grain sized samples. 
(a) Fatigue crack zone showing intercrystalline 
failure with smooth and rough faces, and 
transcrystalline failure with a faceted 
surface, note microvoids.  2100X. 
(b) Fracture zone showing intercrystalline failure 
with smooth and rough faces, and transgranular 
failure with a faceted surface and many 
microvoids.  190QX. 
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(a) 
- V 
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(b) 
Figure 20 - Fatigue crack and fracture zone morphology 
for homogenized ASTM 6 and 1 grain sized samples. 
(a) Characteristic of both the fatigue crack and 
fracture areas of the ASTM 6 grain size, showing 
brittle inter and transgranular failure.  360X. 
(b) Characteristic of both the fatigue crack and 
fracture areas of the ASTM 1 grain size, showing 
brittle intergranular failure with isolated 
transgranular brittle fracture.  72X. 
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TABLE VI 
Retained Austenite Comparison for As-Rolled 52100 Alloys 
Heat Treated at 843°C for One Hour and Oil Quenched 
Investigation Alloy Composition 
C  - Mn 
Si  -  Cr 
(weight percent) 
Tempering Treatment   Percent 
Retained 
Austenite 
Frankel 1.06 
0.19 
0.34 
1.38 
260°C/hour 
204°C/hour 
4 
10 
Stickles 13 1.04 
0.19 
0.32 
1.35 
175°C/hour 12 
Present 0.98 
0.20 
0.40 
1.25 
204°C/hour 
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(a) 
(b) 
Figure 21 - Carbide segregation in a sample austenitized 
at 2100°F for 20 minutes. 
(a) Banded region showing spherodized and 
elongated carbides lying at grain 
boundaries, note that there is no 
transgranular failure.  2000X. 
(b) Unbanded region showing inter and trans- 
granular failure, note microcracks that 
are open to the surface.  800X. 
58 
(a) 
Figure 22 - Effect of proeutectiod carbide network on 
the fracture of an ASTM 9 grain sized 
banded steel sample. 
(a) 'Grain1 boundary fracture occurred at 
the carbide network.  1200X. 
(b) Enlargement of the area shown above 
showing coarse carbide particles. 
200QX. 
59 
(a) 
Figure 23 - Particles revealed by fracture in an 
ASTM 6 grain sized homogenized sample. 
(a) Carbide particle at 150QX. 
(b) MnS inclusion particle at 600QX. 
60 
TABLE VII 
Qualitative Chemical Analyses 
of Particles Shown in Figure 23 
Particle X-ray energy Element - X-ray line 
kev 
Carbide 2.000 P . Kp 
(a) 5.475 Cr - Ka 
5.875 Mn - Ka 
6.400 Fe - Ka 
7.050 Fe - KP 
7.500 Ni - Kp 
MnS 1.475 Al _ Ka 
Inclusion 2.325 S - Ka 
(b) 3.675 Ca - Ka 
5.425 Cr - Ka 
5.900 Mn - Ka 
6.425 Fe - Ka 
7.050 Fe - KP 
7.475 Ni - K<* 
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Figure 24 - Macroscopic failure appearance of the fracture 
toughness specimens.  From the left, ASTM 1,6 
and 9 grain sizes. 
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Figure 25 - Fracture toughness data vs prior austenitic 
grain size at a 95% confidence level. 
63 
Figure 26 - Fracture surface of an ASTM 9 grain sized 
homogenized specimen showing microvoids 
initiated by particles and polygonal cells 
due to a cleavage of the martensite.  Cells 
are of the order of 400 (j,m in diameter. 
7 600X. 
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(a) 
(b) 
Figure 27 - Transgranular fracture in an ASTM 1 grain 
sized homogenized specimen. 
(a) Primary martensite plates surrounded by 
smaller secondary plates and retained 
austenite.  702X. 
(b) Primary plates, secondary plates, and 
polygonal cleavage cells.  7200X. 
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